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The exact energy and angular momentum conservation laws are derived by the
Noether method for the Hamiltonian and symplectic representations of the gauge-free
electromagnetic gyrokinetic Vlasov—Maxwell equations. These gyrokinetic equations,
which are solely expressed in terms of electromagnetic fields, describe the low-frequency
turbulent fluctuations that perturb a time-independent toroidally-axisymmetric magnetized
plasma. The explicit proofs presented here provide a complete picture of the
transfer of energy and angular momentum between the gyrocentres and the perturbed
electromagnetic fields, in which the crucial roles played by gyrocentre polarization and
magnetization effects are highlighted. In addition to yielding an exact angular momentum
conservation law, the gyrokinetic Noether equation yields an exact momentum transport
equation, which might be useful in more general equilibrium magnetic geometries.
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1. Introduction

Nonlinear gyrokinetic theory has been at the forefront of plasma physics research since
the pioneering work of Frieman & Chen (1982). In its modern representation (Brizard
& Hahm 2007), nonlinear gyrokinetic theory involves a two-step (guiding-centre 4
gyrocentre) transformation leading to the adiabatic invariance of the gyrocentre magnetic
moment and a set of reduced gyrocentre Hamilton equations that are decoupled from the
fast gyromotion dynamics. The guiding-centre and gyrocentre dynamical reductions, on
the other hand, introduce guiding-centre and gyrocentre polarization and magnetization
in the gyrokinetic Maxwell equations, which play crucial roles in the self-consistent
evolution of a turbulent magnetized plasma.

The gyrokinetic Vlasov—Maxwell equations presented in this work are based on the
gauge-free electromagnetic field gyrokinetic formulation recently introduced by Burby &
Brizard (2019) and Brizard (2020), in which only the perturbed electromagnetic fields
appear in the gyrokinetic Vlasov—Maxwell equations. This gyrokinetic electromagnetic
field formulation, which also facilitates the development of hybrid kinetic particle
simulation schemes (Chen & Parker 2009; Chen et al. 2019), has been a topic of recent
research interest (Chen, Zonca & Chen 2020).
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2 A.J. Brizard

1.1. Gyrokinetic energy conservation law

The energy conservation laws of several sets of gyrokinetic equations have been the
topic of active research since the Hamiltonian gyrokinetic work of Dubin er al. (1983),
where the energy conservation law was derived directly from the electrostatic gyrokinetic
Vlasov—Poisson equations. Next, the energy conservation laws for the finite-beta
electromagnetic gyrokinetic equations and the fully electromagnetic gyrokinetic equations
were constructed by Hahm, Lee & Brizard (1988) and Brizard (1989b), respectively,
and then proved explicitly by Brizard (1989a) for the fully electromagnetic case. Since
its inception, the primary use of an exact energy conservation law associated with
a gyrokinetic model has been seen as a measure of the accuracy of its numerical
implementation using gyrokinetic particle simulation methods (Garbet et al. 2010).

The discovery of the Lagrangian (Sugama 2000), Eulerian (Brizard 2000a,b), and
Euler—Poincaré (Squire et al. 2013) variational formulations for the nonlinear gyrokinetic
equations led to the direct derivations of exact gyrokinetic energy conservation laws
by the Noether method (Goldstein, Poole & Safko 2002; Brizard 2005b). While the
Noether derivation guarantees the existence of an exact energy conservation law, its
explicit proof often provides useful insights into the transfer of energy between the
perturbed electromagnetic fields, on the one hand, and the gyrocentre Vlasov distribution,
on the other hand. This is especially important since polarization and magnetization
combine particles and fields at all orders in the gyrocentre perturbation analysis. Using an
Eulerian variational formulation, explicit proofs were also presented for several nonlinear
gyrokinetic models (Brizard & Chan 1999; Brizard 2010a) and reduced-fluid plasma
models (Strintzi, Scott & Brizard 2005; Brizard 2005a; Brizard et al. 2008).

1.2. Gyrokinetic angular momentum conservation law

The topic of an exact gyrokinetic momentum conservation law gained crucial importance
in the context of the momentum transport (Waltz et al. 2007; Parra & Catto 2010a;
Abiteboul et al. 2011; Peeters et al. 2011) and intrinsic toroidal rotation (Wang, Peng &
Diamond 2018; Stoltzfus-Dueck 2019) in axisymmetric tokamak plasmas. In particular,
the phenomenon of intrinsic toroidal rotation, which is observed in the absence of
external torque, must be investigated within the context of toroidal angular momentum
conservation. Scott & Smirnov (2010) derived an explicit toroidal angular momentum
conservation law for the electrostatic gyrokinetic equations by deriving it as a moment
of the gyrokinetic Vlasov equation. The same equation was rederived using the Noether
method, and explicitly shown to be exact, by Brizard & Tronko (2011), while the Noether
derivation of the momentum conservation law was also considered for several reduced
plasma fluid models (Brizard 20055, 20100).

1.3. Previous variational derivations of gyrokinetic conservation laws

The angular momentum conservation law in gyrokinetic Vlasov—Maxwell models have
regained significant interest recently in several works by Hirvijoki et al. (2020), Fan,
Qin & Xiao (2020) and Sugama et al. (2021). By not splitting the magnetic field into
equilibrium (time-independent) and perturbed (time-dependent) components, both Fan
et al. (2020) and Sugama et al. (2021) rederived the guiding-centre energy—momentum
conservation laws derived earlier by Sugama et al. (2016), using a direct moment approach
of the drift-kinetic equation, and by Brizard & Tronci (2016), using several equivalent
guiding-centre variational principles. Fan er al. (2020) generalized earlier results by
Pfirsch & Morrison (1985) and Similon (1985) by including higher-order guiding-centre
gyrogauge corrections.
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Gauge-free electromagnetic gyrokinetic equations 3

In particular, using a hybrid gyrokinetic model that includes gyrokinetic electrostatic
fluctuations with a weakly time-dependent guiding-centre Lagrangian, Sugama et al.
(2021) obtained a symmetric gyrokinetic stress tensor 7/ = T?7 using a formula, TV =
Lg" —20L/0g;, obtained from the general theory of relativity (Landau & Lifshitz 1971),
in which partial derivatives of the Lagrangian density £ with respect to components of the
symmetric metric tensor g are evaluated (here, a specific choice for the spatial coordinates
is not needed). Additional comments about the works of Fan er al. (2020) and Sugama et
al. (2021) are made in § 3.

The work of Hirvijoki et al. (2020) presents an Euler—Poincaré variational principle
for the drift-kinetic limit of the gauge-free gyrokinetic Vlasov—Maxwell model of Burby
& Brizard (2019). In this work, the standard gyrokinetic separation of equilibrium and
perturbed components for the electromagnetic field is used, and the asymmetry of
the resulting gyrokinetic stress tensor is shown to be driven by electromagnetic field
perturbations only. The exact conservation law of toroidal angular momentum, however,
will be guaranteed under the assumption of an axisymmetric equilibrium magnetic field.
The energy—momentum conservation laws derived by Hirvijoki et al. (2020), which will
be rederived here from an Eulerian variational principle, will be explicitly proved and
expanded in the present work.

1.4. Organization

The remainder of the present paper is organized as follows. In § 2, we review the work
of Brizard (2008) where the exact energy—momentum conservation laws are given for a
generic set of reduced Vlasov—Maxwell equations, in which the electromagnetic fields are
not separated into background and perturbed parts. The paradigm set of reduced plasma
equations is given by the guiding-centre Vlasov—Maxwell equations, with variational
formulations (Pfirsch & Morrison 1985; Similon 1985; Brizard & Tronci 2016) leading to
exact reduced energy—momentum conservation laws. While the resulting reduced stress
tensor is manifestly asymmetric, as noted by Pfirsch & Morrison (1985) and Similon
(1985), we show that the apparent asymmetry of the reduced stress tensor is due to
polarization and magnetization effects derived from a ponderomotive Hamiltonian (Cary
& Kaufman 1981; Brizard 2009). Since the stress tensor must be explicitly symmetric
when the electromagnetic fields (£, B) are not split into time-independent (equilibrium)
and time-dependent (perturbed) components, we use the guiding-centre Vlasov—Maxwell
model of Brizard & Tronci (2016) and show that the explicit expressions of the
guiding-centre polarization and magnetization guarantee a symmetric guiding-centre
stress tensor.

In § 3, we review the gauge-free gyrocentre Hamiltonian models derived by Burby &
Brizard (2019) and Brizard (2020), where the equations of motion are solely expressed
in terms of the perturbed electromagnetic fields (E;, By). Here, following the standard
gyrokinetic formalism (Brizard & Hahm 2007), the magnetic field B = By + €¢B is
split into the time-independent equilibrium magnetic field Bj, which is assumed to be
axisymmetric (i.e. 9By/d¢ = z x By), and the time-dependent magnetic field perturbation
B, (e denotes the magnitude of the perturbation). In addition, we assume that E =
eE, appears solely as a perturbation electric field in the present work, although a
equilibrium electric field may also be considered (Brizard 1995). We note that the choice
of the magnetic perturbation B, is consistent with the source-free perturbed Maxwell
equations V - B; = 0 and 0B, /0t = —cV x E|. In § 4, the gyrokinetic Vlasov—Maxwell
equations are derived from a variational principle (Brizard 2000a,b), from which explicit
expressions for the gyrocentre polarization and magnetization are obtained for both
gauge-free gyrokinetic models. In § 5, the gyrokinetic conservation laws are derived by
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4 A.J. Brizard

the Noether method. In the present work, we show that the apparent asymmetry of the
gyrokinetic stress tensor, which is only due to electromagnetic field perturbations (since
the guiding-centre stress tensor is symmetric), plays a crucial role in establishing an
exact toroidal angular momentum conservation law in the presence of a non-uniform
(but axisymmetric) equilibrium magnetic field. We also show that an exact gyrokinetic
momentum transport equation will be obtained from the gyrokinetic Noether equation,
which can be used to study momentum transport in general magnetic geometries.

2. Conservation laws for the reduced Vlasov-Maxwell equations

Although our primary motivation is to discuss exact conservation laws of gyrokinetic
systems, we present a brief discussion on the form of these conservation laws for a
generic set of reduced Vlasov—Maxwell equations, based on work presented at the 2006
Vlasovia conference (Brizard 2008). In this formal derivation, the electromagnetic fields
(E=-V® —c'9,4, B=V x A) are not split into time-independent background and
time-dependent perturbed components and, by using canonical coordinates (x, p), the
dependence on the potentials (@, 4) and the fields (E, B) only enter through the reduced
Hamiltonian

Hp: ®,A,E.B)=m|o]’/2+ ed + ¥ (; E, B), 2.1)

where v = [p — (e/c)A]/m, the potentials and fields (P, A4, E, B) are evaluated at the
reduced position x and ¥ (v; E, B) denotes the ponderomotive Hamiltonian (Cary &
Kaufman 1981; Brizard 2009). Here, the dependence of the ponderomotive Hamiltonian
on the gauge-free term v maintains the gauge-transformation property of the reduced
Hamiltonian.

2.1. Reduced Viasov—-Maxwell equations

Using the reduced Hamiltonian (2.1), the reduced Vlasov—Maxwell equations are now
expressed as follows. First, the reduced equations of motion are given in Hamiltonian
canonical form as

dx/dt = 0H/dp = v + 0¥ /dp, (2.2)
dp/dt = —VH = —eV® + (¢/c) VA - v — V. (2.3)

If the reduced force equation (2.3) is written in terms of v, we find

dv dx _ -
me —eE+ S xB+VE . "+ VB .- i, 2.4)
dt c dr
where we used (2.2) on the right-hand side and the ponderomotive force

_ o _ e v _ _ — _
L9 = V4. (_-—)+VE CR+VEB- QL 2.5)

c dp

includes the reduced electric and magnetic dipole moments (&, i) = (—d¥ JQE, —0W/
0B) derived from the ponderomotive Hamiltonian. The reduced Vlasov equation is,
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Gauge-free electromagnetic gyrokinetic equations 5

therefore, expressed as
of dx _- dp of
U _ & g W Y (2.6)
ot dr dr dp

The reduced Maxwell equations, on the other hand, are expressed as

V.-E=4no=4n(6 -V - P), (2.7
10E 4 dw (- 9P -

VxB———:jJE—”(J+—+chM>, (2.8)
c ot c c ot

with the source-free Maxwell equations

V.B=0. 29)

3B/t + ¢V xE=O,}
In (2.7) and (2.8), the reduced charge and current densities (@,j) and the reduced
polarization and magnetization (P, M) are derived from the reduced Hamiltonian:

/faf{(p; &, A E,B)=00p—03A -J/c—dE - P— 03B - M, (2.10)
p

where the notation fiz indicates an integral over canonical-momentum space (as well as

including a sum over particle species) and d denotes either a space—time partial derivative
(V, 9/0¢) or an Eulerian variation §. Specifically, we find the definitions

o _ dx v v
_5J7 PvM = ) Ty T A= A 5 2.11
(7 ) /f(e “a T 9E aB) @I

P

where contributions arise from reduced particles located at the field position (i.e. x = x).
We also note that the reduced Maxwell equations (2.7) and (2.8) can be written in terms
of the reduced Maxwell fields

D=E+ 47:[@’,
- _ (2.12)
H =B —4nM,
as
V . D=4np, (2.13)
_ 13D 4w
Vxi--2— =217, (2.14)
c ot c
which guarantees that the reduced charge conservation law
do d - - P . 30 .
—+V.J=—((@-V -P)+V.|J+—4+cVXM]|=—4+V.J=0
T 5 )+ <+8t+cx ) ar
(2.15)

follows directly from the charge conservation law.
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6 A.J. Brizard

2.2. Reduced energy—momentum conservation laws

Since the electromagnetic field (E, B) is not split into equilibrium and perturbed
components in the reduced Vlasov—Maxwell equations (2.6)—(2.8), the energy—momentum
conservation laws derived for the reduced Vlasov equation (2.6) and the reduced Maxwell
equations (2.7) and (2.8) (or (2.13) and (2.14)), with the source-free Maxwell equations
(2.9), are direct consequences of the Noether theorem. Here, the reduced Noether equation
(Brizard 2008) is first expressed as

_ 0 [7ss— E L 2
=5 [/pﬁss Y| yta (IE|> — |B] )}
_dx - 1 - - éx
V. hdd o hatd 2 _ 2 )
+ U,-,fdz 5S o (30D + 54 x H) + o (IEI> — |B )], (2.16)

where the Eulerian variations
8S =p - 5x — Hét,
§®& =E - 8x—c'd8x/0t, (2.17)
84 = Ecét+6x x B4+ Véy,

with the gauge term defined as §x = ®@cdt — A - Sx, are generated by the space—time
virtual displacements (8x, ¢). We note that the gauge term §x appears naturally when
the Euler variations §@ = —4§t0® /0t —dx - V@ and 64 = —§t0A/0t — éx « VA are
expressed in terms of the electric field E = —V® — ¢~ '9A4/9t and the magnetic field
B=V xA.

We now remove the gauge-dependent terms by using the identity

5 _ 38y = _
Loy D)+ V- (LD ovsy x T
5 (Vox D) + <az cvoxx )

:%(axv.ﬂ'))—v[ax (%-Nxﬂ)] (2.18)

and, using the reduced Maxwell equations (2.13) and (2.14) and the gauge-independent
term 8S + (e/c)dx = mv « 5x — K31, the reduced Noether equation (2.16) yields the
reduced energy—momentum conservation law

a

a—t(’P-Bx—SSt)+V-(T - 6x — S61) = 0. (2.19)
Here, the reduced energy—momentum densities
_ 1 - 1
E=[fK+-—E-D—-—(E - |BJ), 2.20
/,,f + - 8H(II |BI%) (2.20)
- dx D x B

v 2.21
/f dt mo+ d7te ( )

both include reduced polarization effects, with (2.21) displaying the Minkowski form (D x
B/4mc) for the reduced electromagnetic momentum density. The reduced energy-density
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Gauge-free electromagnetic gyrokinetic equations 7

flux
_dx - c _
= —K+ —FE x H, 222
/i,f TR (2:22)
on the other hand, displays the Abraham form (E x ¢H/4m) for the reduced Poynting flux,
while the reduced stress tensor

1 1
/f—mv +— [5 (IE” —|BI’|) + B - ]HI] i (BH + DE) (2.23)
is composed of the reduced Reynolds stress tensor, which includes the ponderomotive
velocity d¥ /dp = dx/dt — v, and the reduced Maxwell stress tensor, which includes
polarization and magnetization corrections. We immediately see that the reduced stress
tensor (2.23), which can be expressed as

r= ! (IEI* + |BI*) ! (EE+BB)+/f did’_c+1 B (i
= — _—— m— — * —
8m 47 5 dr dt 0B
dxalI/ ati/ Bl
f C_%%E). (2.24)
dt ap BB 9E

is manifestly asymmetric as a result of ponderomotive, polarization and magnetization
effects appearing in the last line of (2.24).

The apparent asymmetry of the reduced stress tensor (2.24) implies that the azimuthal
angular momentum may not be conserved:

?Jrv T,=T": V(ax/a(p)sé-</f1§r), (2.25)
P

unless the reduced torque N vanishes identically. In (2.25), P, =P - dx/d¢ is
the azimuthal angular momentum density, 7, = T - dx/d¢ is the azimuthal angular
momentum-density flux, T denotes the transpose of T and, since the dyadic tensor
V (0x/9d¢) is antisymmetric, the reduced torque N is expressed as

_ dx

Nzaxmﬁ—(ixE—i—foB), (2.26)
which includes contributions from the electric and magnetic torques. The required
symmetry of the reduced stress tensor (2.24) must, therefore, introduce constraints on the
reduced polarization and magnetization, which force the reduced torque (2.26) to vanish
identically.

2.3. Guiding-centre Vlasov—-Maxwell equations

The apparent asymmetry of the guiding-centre stress tensor was independently noted by
Pfirsch & Morrison (1985) and Similon (1985), using different variational formulations. It
was recently shown by Brizard & Tronci (2016) and Sugama et al. (2016), however, that the
guiding-centre stress tensor is indeed explicitly symmetric. Here, we use the variational
formulation of the guiding-centre Vlasov—Maxwell model of Brizard & Tronci (2016)
to show that the guiding-centre torque, derived from the generic reduced torque (2.26),
vanishes identically.
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8 A.J. Brizard

In the work of Brizard & Tronci (2016), which considers the simplest case £ = 0, the

S

guiding-centre canonical momentum is defined as p = (e/c)A4 + p; b, which implies that
v=(p/m) b and the guiding-centre electric and magnetic dipole moments are

= (eb/$2) x dix/dt = (eb/R2) x 3‘[_’/@’} (2.27)

L= —jib+ & x (pb/mc).

Hence, using (2.2) and (2.27), we easily verify that the guiding-centre torque (2.26)

vanishes:
- dx . pib N\ dx
N="Zxmp—|-pb+ax22) xB= (—mﬁ+[3”b) X =0, (228
dr mc dr
and the guiding-centre stress tensor (2.23) is symmetric (Sugama et al. 2016; Brizard &
Tronci 2016):
1 (I, [ dx (dx 0¥ 1 B
Toe=—|z1BI"-BB|+ | flm—|—-———=|+I|B-—5 ) —B—
4 \2 5 dr \ dt op oB B
1 (I _, [ (0w . L ow
=—\zIB"=BB|+Pcc.+ | f|p| =b+b— ||, (2.29)
4 \2 5 ap op

where PcgL = fl_) 1@ /m)bb + iB(I — bb)] is the symmetric Chew—Goldberger—Low

pressure tensor and the ponderomotive velocity dW/dp, which is assumed to be
perpendicular to B, represents the magnetic-drift velocity.

3. Gauge-free gyrocentre Lagrangian dynamics

In this section, we present two gauge-free gyrokinetic models whose gyrocentre
equations of motion only involve the perturbed electromagnetic fields (E;, B;), thereby
guaranteeing gauge freedom. Here, the separation of the perturbed magnetic field B,
from the unperturbed (equilibrium) magnetic field B, satisfies the perturbed Faraday’s law
0B, /0t = —cV x E, while the equilibrium magnetic field B is assumed to be toroidally
axisymmetric, so that dBy/d¢p = z x By.

Gauge-free electromagnetic gyrokinetic Vlasov—Maxwell models were recently derived
in the Hamiltonian representation by Burby & Brizard (2019) and in the symplectic
representation by Brizard (2020). The general form of the gauge-free gyrocentre
Lagrangian is defined on gyrocentre phase space, with coordinates (X, py, i, ¢), as

e . . . .
Ly = [; (A7 + edigy) + Hgy] X +J¢ — (e€Pigy + Kyy) = Py - X +J¢ — Hy,
(3.1)
where the gyrocentre gyroaction J = (mc/e) (which is canonically conjugate to the
gyrocentre gyroangle ¢) is used here only as a matter of convenience, and

A 1 A
(E/C)A; = (E/C)A() +pH b() —J (R() + 5 V x b()) (32)

is expressed in terms of the unperturbed (equilibrium) magnetic field By =V x Ay =
By by, and (3.2) includes the gyrogauge vector field Ry = V1 . 2 (where by = 1 x 2)
and higher-order guiding-centre corrections (Tronko & Brizard 2015) associated with
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Gauge-free electromagnetic gyrokinetic equations 9

the guiding-centre electric dipole moment Ty, = (eBo/ 20) x X ¢c. Similar higher-order
guiding-centre corrections are retained by Fan er al. (2020), with the main difference
that, in our work, these guiding-centre terms are explicitly time-independent (and
non-variational).

3.1. Gauge-free gyrocentre models

In the gyrocentre Hamiltonian model of Burby & Brizard (2019), presented here in the
drift-kinetic limit considered by Hirvijoki et al. (2020), we find the definitions

(¢1gyaA]gy’ Hgy) = (¢17A]a 0)9 (33)

where the perturbation fields are evaluated at the gyrocentre position X and the gyrocentre
kinetic energy is

K, Pi B, +¢B € 1Bif E b B
=5 +u\bo+e€ 1||+3 B, — Wy + € (E; + (pyby/mc) x B,

2mc ~ 2
— e ‘El + (pybo/me) x By| (3.4)
28]

where B = by - B, denotes the parallel component of the perturbed magnetic field
B,. We note that the gauge-free model considered by Hirvijoki et al. (2020) omits
the guiding-centre electric dipole moment m, in the gyrocentre kinetic energy (3.4)
and, thus, the gyrocentre polarization and magnetization derived without this term are
incomplete. We explicitly show in § 5, however, that this omission does not jeopardize the
energy—momentum conservation laws.

Next, in the gyrocentre symplectic model of Brizard (2020), we find

(dslgyvAlgy) = (<¢1gc), (Algc»s

. . (3.5)
My =€ ((Eige) + (pybo/me) X (Bige)) x ebo/ S,

where perturbation fields are evaluated at X + p,, with (---) denoting the standard
gyroangle averaging (since the lowest-order guiding-centre gyroradius p, depends on the
gyrocentre gyroangle ¢), and the gyrocentre kinetic energy is

2

7 & 1B/
Koy = 5. -+ 1| Bo+e((Bupge)) + B,

e ﬁ }El + (pybo/me) x Bl‘ . (3.6)

In (3.6), the finite-Larmor-radius effects are included only at first order in the perturbation
expansion, with ((---)) denoting the gyrosurface averaging introduced by Porazik & Lin
(2011).

Previous symplectic gyrokinetic models considered either the parallel component
(Ajjgc) of the perturbed vector potential (Hahm ez al. 1988; Brizard 2017) or the inclusion
of the perturbed E x B velocity (Wang & Hahm 2010a,b; Leerink, Parra & Heikkinen
2010), or both (Duthoit, Hahm & Wang 2014). In the present symplectic gyrokinetic model
(3.5) and (3.6), the addition of the perturbed magnetic flutter momentum to the £ x B
momentum yields a covariant treatment of the electric dipole moment in the gyrocentre
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10 A.J. Brizard

polarization and magnetization; see (3.23)—(3.26). In their guiding-centre treatment, Fan
et al. (2020) considered an extension of the Pfirsch & Morrison (1985) variational
formulation by including higher-order guiding-centre corrections, where both electric and
magnetic fields (E, B = Bb) are considered as variational fields.

3.2. Gyrocentre Euler—Lagrange equations

The gyrocentre Euler-Lagrange equations involving arbitrary variations in (X, p;, J) are,
respectively,

0= eE* + X X B pH gy’ (37)
0=X - b;y — 8K,y /3P, (3.8)
0=1C+X - 0Py /0] — 0Hy/0J, (3.9)

where the effective gyrocentre electric field E7 is defined as

* anY angy
eEj = ~VHy — — % = eeEyy — (= & + VK (3.10)

with Eg = —V @y, — ¢ '0A4,,,/01. The effective gyrocentre magnetic field B, is
defined as

%k ¢ K ¢
B, =V x (;ng) =B +eBiy +V x (EHgy) , 3.11)
with By = V x 4 and B,y = V x Ay, while
b, = 0Py, /dp) = b + 34 /dp. (3.12)

We note that the effective gyrocentre electromagnetic fields satisfy the source-free
Maxwell equations V - By = 0 and 9By /3t + cV x E; = 0.

The gyrocentre Euler-Lagrange equations (3.7) and (3.8) can also be written in
Hamiltonian form as

Cb* aKgy BZy

X =({X Hy} =Ei x— 2 (3.13)
gy o Bigy  9P1 Bjgy
pll = {pH’ Hg}’} eEZy B** ’ (314)
lley

where {, }o, denotes the gyrocentre Poisson bracket and B|; = b, - BZy' We note that

ley —
(3.13) and (3.14) satisfy the Euler-Lagrange identity: u
oK 0K,, B, .
5 Ep = P p & Bf;y =e¢E, - X, (3.15)
P P lley
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Gauge-free electromagnetic gyrokinetic equations 11
which will be useful in our discussion of energy conservation. The gyrocentre equations
(3.13) and (3.14) also satisfy the Liouville theorem:

JIB* ob* 0B 0 oP
gy gy * s gy gy % * *
—= =2 . B 4+p . —E=—|—=).B —b* -V x(cE

ot ot &y 24 ot apH ( ot ) &y &y (C gy)

) - 9P cb’
~ o, [V - (HoBy) + b By ] = == - V (i>

t e
kYL 0 * * Cb;y
—V.|Bi X — o (HyyByy) | — (¢Ey, + VHyy) - V x -

=V (BjyX) - a (Bl P1) - (3.16)

where we used (3.10).

3.3. Eulerian field variations of the gyrocentre Lagrangian

In the next section, we will need the Eulerian field variation of the gyrocentre Lagrangian
(3.1) at a field point x:

e .
5Ly, — (EGSAIgy + 00y ) - X — (e8P gy + 6Kyy) (3.17)

where, in contrast to the works of Sugama er al. (2021) and Fan er al. (2020),
the guiding-centre Lagrangian terms (e/c)A; « X +J¢ — ( pﬁ /2m + uBy) are invariant
in our gyrokinetic formalism. While Sugama et al. (2021) considered the simplest
guiding-centre representation (with edj/c = edy/c + p”i)), with field variations easily
computed (e.g. §b = (b x 8B) x b/B), the higher-order guiding-centre model used by
Fan et al. (2020) requires complex expressions for the variations of the gyrogauge vector
Ry = V1. é, for example, in which the functional derivatives of all three unit vectors
(1,2, b = 1 x 2) need to be computed, although they are not explicitly calculated.
Here, the field variations are defined in terms of the generic functional derivatives

(SW](X) . SZ(X—X)
(Wl(X + po>>> = / ) (<a3<x + y —x)>> ’ (3.18)

where ¥, denotes an arbitrary component of the perturbed electromagnetic potentials
or fields. We note that the second expression in (3.18) is valid only if the
equilibrium (non-variational) magnetic field appears in the definition of the lowest-order
gyroangle-dependent gyroradius p,,. Hence, we find

<5<1>1gy SAL,,  SEi, 3ngy)={(33,5;33,5;53,5;33) 3.19)

8P (x)" 8A](x) SEl(x) SB(x) ((83.). 8(83.). 81482, 81(83.))

and

5B1||(X) 5<<Bl||gc>> 37 3 T
) = (87by, ((5,.))bo ), 3.20
(831@) 5B (8%Bo. 631y (3.20)
with 8% = §°(X — x) and &}, = 8°(X + p, — x) used in the gyrocentre models of Burby

& Brizard (2019) and Brizard (2020), respectively, and & J’ denotes the standard Kronecker
delta.
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12 A.J. Brizard
In the gyrocentre model (3.4) of Burby & Brizard (2019), we find

5K e b
~1_98ygy pibo o
€ SE () =5 |:ngc +e—- B <E1 +— e Bl>:| =-46 (thc + enz) . (3.21)
-1 0Ky b B, PIIE’O
LB = 53 By e ) — 8 (g s 3.22
B\ brreg, ) 78 (e kem) x D0 (3.22)

where the gyrocentre electric dipole moment w, + €m, includes the guiding-centre
contribution m, and its first-order gyrocentre correction m, (derived from the
second-order gyrocentre Hamiltonian), while the intrinsic gyrocentre magnetic dipole
moment —u(by + €B;/B,) is accompanied by the moving gyrocentre electric dipole

moment contribution (7y. + €7,) X thA)o/mc.
In the gyrocentre model (3.5) and (3.6) of Brizard (2020), on the other hand, we find

oI eb() -
—1 gy 53 X =3 . 3.23
SE\x) L Vel g X Vec) Ty (29
L, 8 : pybo
100y 83 700 3.24
€ 5B,(x) (8gc) (ngy x = (3.24)
and
SK. mc? pibo
-1 0 3 B+ 0 x B | =8 n,, 3.25
SE) =€ B 1t -~ xBi| =eim (3.25)
SK. . b
-1 8y (((83C))b0 n 65331/30) e [m x 220 (3.26)
0B (x) £ me

We note that the gyrocentre polarization and magnetization derived from (3.21) and
(3.22) for the gyrokinetic model of Burby & Brizard (2019) are explicitly truncated at
first order in the perturbation amplitudes of the electric and magnetic fields (E,, B)).
Because the gyrocentre velocity (3.13) appears in the expressions (3.23) and (3.24) for the
gyrokinetic model of Brizard (2020), however, the corresponding gyrocentre polarization
and magnetization contain contributions at higher orders in perturbation amplitude.

4. Gyrokinetic variational principle

The gyrokinetic Vlasov—Maxwell equations can be derived from several equivalent
variational principles: Low-Lagrange (Sugama 2000); Euler (Brizard 2000a,b, 2009,
2010a, 2017); Hamilton—Jacobi (Correa-Restrepo & Pfirsch 2004); and Euler—Poincaré
(Squire et al. 2013; Hirvijoki et al. 2020). In recent work, Brizard & Tronci (2016) showed
how the guiding-centre Vlasov—Maxwell equations (derived without a separation between
time-independent equilibrium and variational dynamical plasma fields) can be explicitly
derived from many of these equivalent variational principles.

In the present work, the separation of equilibrium and perturbed electromagnetic
fields introduces a low-frequency gyrokinetic space—time ordering that assumes that
the non-uniform equilibrium magnetic field is time-independent and non-variational.
Applications of Noether’s theorem, which explicitly take into account the properties of the
equilibrium  magnetic  field, follow most naturally from an Eulerian
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Gauge-free electromagnetic gyrokinetic equations 13

variational principle. In recent work, Hirvijoki et al. (2020) derived the energy—momentum
and angular momentum conservation laws (without proof) within an Euler—Poincaré
variational formulation for the Vlasov—Maxwell and drift-kinetic Vlasov—Maxwell
equations described by the gauge-free gyrocentre model of Burby & Brizard (2019).

We are now ready to derive the gauge-free gyrokinetic Vlasov—Maxwell equations from
an Eulerian variational principle 8.4,y = 0, based on the gyrokinetic action functional
(Brizard 20005)

4

d*x
Agy =~ / FoyHeyy d°Z +/ 8T (IEI" —1BI), 4.1

where summation over particle species is implicitly assumed in the first term and the
infinitesimal extended phase-space volume element d*Z does not include the Jacobian
Jay- Instead, the perturbation-field-dependent Jacobian is inserted in the definition of the
gyrocentre extended Vlasov density:

Foy = ToyF = ToyF'6(W — Hyy), 4.2)

which also includes an energy delta function that enforces the constraint Hyy = Hyy — w =
0 in extended gyrocentre phase space.
The variation of the gyrokinetic action functional yields

4

d
Ay = —/ ((S}"nggy + fgyBHgy) A —|—f 4—; (e8E, - E—€8B; - B), (4.3)

where the constrained electromagnetic variations

4.4)

SE | (x) = —V8®,(x) — ¢ 9,64, (x),
0Bi(x) =V x 64,(x)

satisfy the Faraday constraint equation VSE| 4+ ¢~ 98B, /0t =0 and V - §B; = 0, with
the equilibrium magnetic field By held constant under field variations. The variation of the
gyrocentre Hamiltonian

8K 8K
§Hyy = €€8Pyyy + SE; - Eg.y + 8B - ﬁiy

is expressed in terms of §@; and (6E|, §B;). The variation of the gyrocentre extended
Vlasov density 6 Fpy = 8 JeyF + Joy8F is expressed as

4.5)

08P, e
8F gy ZJ”:( Bpgy . ngy-i_be - Vx SPgY) +t7gy({55~7:}gy+‘spgy . {X’f}gY)
I
=2 (2R, 4.6)
0Z
where the virtual extended phase-space displacement
8Z¢={2 388}, — 0Py - {X, 2% 4.7)
is defined in terms of a canonical part generated by §S and a non-canonical part generated
by
5Py = cS6dyy + OE, - e 4 sp, . M (4.8)
=€- . . ) .
& T B, ' 9B,
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14 A.J. Brizard

We note that the final form in (4.6) for the Eulerian variation 6 F,, is a natural phase-space

generalization of the variation dn = —V . (6xn) for the fluid particle density n. In
addition, in the Hamiltonian model of Burby & Brizard (2019), the last two terms are
absent.

The first two variations in the Vlasov term in (4.3) can be combined:

_S(fnggy) = _‘Z;y{]:’ Hgy}gyas + ngSLgY
a . a
+ 5. (FudS) + V- (XFydS) + e (Py FeydS) (4.9)
I

where the variation of the gyrocentre Lagrangian (3.1) is

. of,, . oK,
SlLoy = € (S0A1y - X — €50 1yy) + O - ( ¥ % _gY)
C

oE, oE,

oIl . 0K
§B, - | —& . x — —2 ). 4.10
OB (8B1 B, (410)

Using (3.19) and (3.21)—(3.22) or (3.23)—(3.26), the Lagrangian variation term

€
/ngy(SLgy = f (E(SA1 Ty = €8D10y + €OF) « Py + 6By + My)  (41D)

can be expressed in terms of the gyrocentre charge and current densities:

_ . Lgy 1 _OLy
(ng(x),ng(x))Z/ng ( ¢ 5451(36)’6 8A1(x))

5¢1gy aAlgy ;
= - X 4.12
/fgy (ewl(x) *54, (x) s

and the gyrocentre polarization and magnetization:

SL SIT . SK.
]P) = f —1 gy I/f —1 gy 'X— —1 gy , 413
w () /z ¥ SEm L7 P\E SE( ¢ SE\(x) 1)

SL. oIl . SK.
My () = [ Fye' 2 :/f P N G BT
& () /z 2 5B )7\ 5B ¢ 3B (419

When the gauge-free gyrokinetic models represented by (3.3)—(3.4) and (3.5)—(3.6) are
used, the gyrocentre polarization is given for the Burby & Brizard (2019) model (top) and
the Brizard (2020) model (bottom) as

8 (T + €T5)
Pey(x) = /Z}-gy ( (4.15)

3 3
8yc) gy — €67 T2,

where m, and m,, are defined in (3.21) and (3.23), respectively, and the gyrocentre
magnetization is

8 [—M (Bo + EBl/Bo> + (T[gc + 67[2) X (P\\Bo/mc)]
My (x) = / Foy — U (((5§c))60 + 68331/80) (4.16)
z
+ ((6;C>T[gy — 6837[2) X (leAJo/mc).
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Gauge-free electromagnetic gyrokinetic equations 15

We note, here, that the lowest-order guiding-centre contributions to polarization and
magnetization are derived from the first-order gyrocentre Lagrangian, which circumvents
the need to consider guiding-centre variations as in the works of Sugama et al. (2021) and
Fan et al. (2020).

The variation of the Maxwell Lagrangian density can be expressed as

10E
SE, « E — B, -B=5A1-(—E—VXB)+8<P1(V - E)
c
a (1
vy (—8A1 . E) —V.(0PE+364, xB). (4.17)
c

If we now combine (4.9)—(4.17) into the variation of the gyrokinetic action functional
(4.3), 8 Ay = [ 8Ly d* x, we obtain the variation of the gyrokinetic Lagrangian density:

65@1
47

$Lgy = — / TeytF s HoyleydS + (V * Dgy — 4“Qg>')
P

€ 10D 47
—+ —8A1 . (Z al:gy —V x Hgy =+ T.Igy>

4t
2 /fas € 54, - D
a\Jp ¥ 4T
. €
+V.</XVQ&S—Z;@¢J%V+&LxE@Q), (4.18)
P

where the gyrocentre macroscopic electromagnetic fields are defined as

Dy = €E, + 431ng,} 419)

Hgy = B() =+ EB] — 4T5ng,

and the variations (§S, §®;, 8A4;) are assumed to be arbitrary. Variation with respect to
S yields the gyrokinetic Vlasov equation in extended phase space {F, Hyy}oy = 0. If we
integrate Jo, {F, Hoy}oy Over the energy w coordinate, we find

a .
O:/.xjgy{j:7 Hgy}gydWZ / P (.,Zgyfza) dw

024
_ TP L0 .
== T V- (JyFX) + e (\7gpr||>
=J. 8F+X VF+} oF (4.20)
=Y | P ap) ) .

where we have used the Liouville theorem (3.16) to obtain the last expression in order to
recover the gyrokinetic Vlasov equation.
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16 A.J. Brizard

Next, the variation with respect to the electromagnetic potentials (6@, 6A4;) yields the
macroscopic gyrokinetic Maxwell equations:

V . Dy = 4moyy, (4.21)
10D 47
VxHy=-—2+ —Jg, 422
* ey c ot + c ¥ ( )
which can also be expressed as the microscopic Maxwell equations:
V .e¢E =47 (ng -V. ]P’gy) , (4.23)
€edE, 4xm 0Py,
VxBy+eB)=—-———+—|Jgy+——+cV xM,y|. 4.24
Bo X c 0t c ( & ot ¢ & ( )
These equations are complemented by Faraday’s law
0B,

and V - B; = 0. Now that the gyrokinetic Vlasov—Maxwell equations (4.20)—(4.22) have
been derived from a variational principle, we use the remaining part of the gyrokinetic
Lagrangian density variation (4.18) to derive exact conservation laws.

5. Gyrokinetic Noether equation and conservation laws

The variational derivation of the reduced Vlasov—Maxwell equations guarantees that
these reduced equations satisfy exact energy—momentum conservation laws (Pfirsch
& Morrison 1985; Similon 1985; Correa-Restrepo & Pfirsch 2004; Brizard 2008). In
particular, the exact conservation of the gyrokinetic Vlasov—Maxwell energy (Brizard
1989bh, 2010a) has played an important role in the numerical implementation of the
energy-conserving gyrokinetic equations (Garbet et al. 2010).

For this purpose, the remaining terms in (4.18) are combined to yield the gyrokinetic
Noether equation:

a €
8[’gy - & (/P fgy(SS - E(SAI ° ]Dgy)
. €
+V. [/})ngyas i (8P 1Dy + 84, x Hgy)] : (5.1)

where the variations are now explicitly expressed in terms of the space—time displacements
dx and ét:
88 = P,y + 6x — wét,
8P, = —8x - V&, —81dd,/dt = E, - 8x — c 38y, /0t, (5.2)
04, = —éx - VA, — 6t0A,/9t = E cdt + 6x x B, + Vi xy,

with the gauge variation §y; defined as §x; = @,cét — A, - §x. Upon rearranging the
gauge variation § x;, and using the identity

ad 88)(1
— E‘ (V(le . Dgy) + V . (TDgy — CVaXl X Hgy)
a oD
= (6x1V - Dyy) — V- [5;(1 ( atgy —cV x Hgyﬂ : (5.3)
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Gauge-free electromagnetic gyrokinetic equations 17

with the macroscopic gyrokinetic Maxwell equations (4.21)—(4.22), we obtain the
gauge-invariant form of the gyrokinetic Noether equation (5.1):

8Ly = 08Ny /0t + V « 8Ty, (5.4)
where the action-density variation is
e € Dgy
SNy = | Fu (55 + e-sxlgy) - <eE16t+ 5x X —B1> et (5.5)
P c c 47
and the action-density-flux variation is
. e €
Sy = | XFy (38 +eZox1) = 8x - (ZEDy)
+ % (E et + 6x x By) x H,. (5.6)

Here, the gauge-invariant terms are
58 + €81y = (Pay — € -Argy ) - 6 — (w — €€ y) b1
c ¢
e
- (EAS My ) - 8x = (Ko — Hyy) 1. (5.7)

We note that the guiding-centre vector potential A5, which yields the unperturbed
equilibrium magnetic field By = V x A, is not subject to a gauge transformation.

A complete expression for the gyrokinetic Noether equation (5.4) also requires an
explicit expression for the Lagrangian variation §L,, on the left-hand side of (5.4). For
the derivation of the momentum-energy conservation laws, we consider the specific
space—time variations of the gyrokinetic Lagrangian density:

0 1
$Lqy = — (&5 +6x - V) [8_75 (1B - IBlz)}
, . , B
—|—8x-|:/L7gyF(Vng-X—VKgy)—VBo'H], (5.8)
P

where the gradient operator V' only takes into account the non-uniformity of the
equilibrium magnetic field, i.e. the first-order fields (&, A4;, E,, B;) are frozen at a
fixed position x so that, for example, V'@ ,, = 0 and V'{(Bg)) = Vb, - ({(Bige)). It is
in the second line of (5.8) that the Noether theorem draws its full force. In addition,
the w-integration was performed to leave the standard gyrocentre Vlasov distribution
FX,py, u,t), with fP now denoting an integration over (py, ().

The final form of the gyrokinetic Noether equation is obtained by equating (5.4) and
(5.8), where the virtual space—time displacements (dx, 6¢) appear explicitly:

0

ot dx
9t |:8~N‘gy + 87 (€2|E' |2 - |B|2)] + V- |:8ng + 87 (€2|E1|2 - |B|2):|

: B
=8x- [ / JoF (V'Pyy - X —V'Kyy) — VB, - E] . (5.9)
P

This form of the Noether theorem relies on the constrained variations (4.4), (4.6) and (5.2),
which is in contrast to the more traditional formulation based on the connection between
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18 A.J. Brizard

conservation laws and symmetries of the Vlasov—Maxwell Lagrangian (see, for example,
Hirvijoki et al. (2020) and references therein). Here, for each conservation law derived
from our gyrokinetic Noether equation (5.9), we also present an explicit proof based on
the gyrokinetic Vlasov—Maxwell equations (4.20)—(4.22).

5.1. Gyrokinetic energy conservation law

Since the equilibrium magnetic field B, is time-independent, the total energy associated
with the gyrokinetic Vlasov—Maxwell equations (4.20)—(4.22) is conserved. We derive
the energy conservation law from the gyrokinetic Noether equation by setting §7 # 0 and
dx = 01in (5.9), which yields the gyrokinetic energy conservation law:

0E4y /0t +V + Sy =0, (5.10)

where the gyrokinetic energy density is

€ 1
—E, - D,, — — (*|E,|* — |B)?
1Bt Dy 83_[(6'1' |BI?)

2 2 2
Pj € |By|
= /PngF {—zm + 1 (Bo + €((Byjee)) + 7 B

0K,y

Mgy o L 2 2 2
+E1(x)'<5E1(x) 5E1(x)>:|+8?t (CIE P +1BP), .11

<5‘gy = /PngFKgy +

while the gyrokinetic energy-density flux is

C

4n€El x Hy, (5.12)

Sgy = / jgyFXKgy +
P

where the polarization and magnetization (P, , Ml,,) are defined in (4.13) and (4.14),
with H,, defined in (4.19). In addition, we note that the gyrokinetic polarization and
magnetization (P, M,y ) include the full gyrocentre velocity X defined in (3.13), which
is expressed in terms of the effective electric and magnetic fields (3.10)—(3.11). We also
note that, as shown by Burby et al. (2015), the gyrokinetic Vlasov—Maxwell Hamiltonian
functional is naturally derived from the gyrokinetic energy density (5.11).

The explicit proof of gyrokinetic energy conservation, which applies to both gauge-free
gyrokinetic models (Burby & Brizard 2019; Brizard 2020) considered here, proceeds as
follows. First, we begin with the partial time derivative of the gyrokinetic energy density
(5.11):

34y 3(TeyF) IE, 0K, 9B, 0K,
—= K Fl=.==2_ - %
at /P[ ar ¥ T e at  IE, o 9B,

EEl 8]D)gy 8E1 B 8Bl

S p o+ 2 , 513
an o e ety (5-13)

where we expanded the term 0K, (E;, B;)/0t and used the definition (4.19) for Dy,. Using
the phase-space divergence form (4.20) of the gyrokinetic Vlasov equation, the first term
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Gauge-free electromagnetic gyrokinetic equations 19

on the right-hand side can be expressed as

9 F . 0K, .
/ (jgy ) = (/ jgyFKgyX) +/\7gyF <_gyp” +X - VKgy)’ (5.14)
p Ot P ap)

while, using the definitions (4.13) and (4.14) of the gyrokinetic polarization and
magnetization, the gyrokinetic kinetic terms in (5.13) can be expressed as

K IE dB oMy, .
/PjgyFa—tgy = —¢ (8_1‘1 Py + a_tl . ng) +/PjgyF( 8tgy -X) . (515)

By combining these expressions, (5.13) becomes

a& . H oB E, 0D
_gy:_v.(/jgyFKgyx)+ﬁ.€_l+g. &y

at 47 ot 47 at
0K,y oIl
/ TayF [ “p X (VKgy + gy)} : (5.16)
8 )4l ot
where we introduced the definition (4.19) for IH,,. Next, we use Faraday’s law (4.25) to
write
H oB H E
£-6—1=—M-VXEE|=—V (—eE,ngy>—6—l-chHgy,
47 at 47 47 47
(5.17)

so that (5.16) becomes

o9& E oD
gy-i—V Sgy— %.(CVngy__gy>

ot
oIl
/jgy [ (VKgy+ atgy)], (5.18)

where we reconstructed the gyrokinetic energy-density flux (5.12) on the left-hand side of
(5.18). Lastly, we use the identity derived from (3.10):

gy P t=e (GElgy - EZy) ’ (5.19)

and we use the macroscopic gyrokinetic Maxwell equation (4.22), with

E )
_Z_nl . (cV x Hgy — _ath> = —¢E, - /jgy (€eEigy - X),  (5.20)
to obtain
& .
= TV Se= /ng < Sy — X'eEgy>. (5.21)

Using the Euler-Lagrange identity (3.15), the rlght—hand side of (5.21) is shown to vanish
identically and we readily recover the exact gyrokinetic energy conservation law.
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5.2. Gyrokinetic Noether momentum equation

Because the equilibrium magnetic field B, considered in standard gyrokinetic
Vlasov—Maxwell theory is spatially non-uniform (i.e. it serves to magnetically confine
charged particles in accordance with the guiding-centre approximation), a general
gyrokinetic Vlasov—Maxwell momentum conservation law does not exist. Indeed,
according to the Noether theorem, the gyrokinetic Vlasov—Maxwell momentum is
conserved only in directions corresponding to symmetries of the equilibrium magnetic
field. Before we derive the gyrokinetic angular momentum conservation law associated
with an axisymmetric equilibrium magnetic field, we wish to show that the gyrokinetic
Noether momentum equation, from which our exact angular momentum conservation
law will be derived, is consistent with the gyrokinetic Vlasov—Maxwell equations
(4.20)-(4.22).

We begin with the gyrokinetic Noether momentum equation derived by setting ¢ = 0
and §x # 01in (5.9):

apzy * € * 4 / 9 ’ B
—E VT, = PjgyF(;VAO X+ VHy - X = V'Ky) - VBy- = 622
where the gyrokinetic canonical momentum density is defined as
P: /J F(Sa;+n )+Dgy B (5.23)
= - —= X € .
ay » gy c 0 gy d7te 1
and the gyrokinetic canonical stress tensor is defined as
. (e . €
To= | JoFX (S4i+ 1) - o= (DuEi + BiHy,)
P C T
1 €
I|—(¢’|E\|*—|BI*) + —B; - Hy |, 5.24
+|:8rc(€|1| ||)+4n1 ey (5.24)
where I denotes the identity matrix. We note that, while the gyrokinetic stress tensor (5.24)
is manifestly not symmetric, the conservation of the gyrokinetic angular momentum will
follow exactly from (5.22).
We would now like to show that (5.22) is an exact consequence of the gyrokinetic

Vlasov—Maxwell equations (4.20)—(4.22). We begin with the partial time derivatives of
the first two terms in the gyrokinetic canonical momentum density (5.23):

ad e . e
i ([ 7)== - ([ 2orx )

e . e.
+ / JuF (EVAg X by~ X x Bg) , (5.25)
P

0 ) .
v ( / jgyany) =-V. ( / jgyFXHgy> + / JoF (VI - X — VK,y)
t\Jp P P

o o
+\/};‘7gyF [pﬁ +e(€Elgy _Egy) —X xVx Hgy:| y
(5.26)

where we used the phase-space divergence form (4.20) of the gyrokinetic Vlasov equation,
followed by integrations by parts, and used (5.19) to write dIT,,/0t. By combining these
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two expressions, we obtain

2o an] [

. _
+ / Ty F (ZVAS—I-VHgy) X - VK
S

e .
+ t.7gyF € (eElgy + EX X Blgy)]

P L

. s« * €. s«
+ [ JuF |piby, — (cEsy + =X xB)]. (5.27)

where the last line vanishes as a result of the gyrocentre Euler—Lagrange equation (3.7).
Next, we take the partial time derivative of the third term in (5.23):

0 (D 1 10D 0B
(ﬂ X eBl) (— 2 x €B) + Dy x E—l)

at \ 4me :E c ot c ot
€B1 D

e .
:(VXHgY)XH_LI._]g'[yX(VX€E1)_\/P‘7gyF(;XX€B1gy)

€ 1 €’ 1
=V. [E (Bngy +DgyEl) T 4n (GBI - Hgy + E'Ellz - §|B|2):|

B
—€(VE, - Py + VB; - M) _VBO'E

e .
_ / TuFe (¢Ergy + X x Buyy ). (5.28)
P

When we combine (5.27) and (5.28), we obtain

a'PZ)’ * € * 9
—E AV Ty = | JyF [(EVAO + V) X~ VK, |
P

B
—€(VE, - Py + VB, + M) — VB, - i (5.29)

where

S ST :
—€(VE, « Py + VB, + M) =—/jgyF(VEl. ® | VB, - gY) X
P

SE, 8B,
SK. 5K,

F|VE,.-—2 4+ VB, . —2&
+/p‘7gy ( SE, TP 5B,

- _/zljgyF[(VHgy - V/HgY) X - (VKgY - V/KgY)] ’
(5.30)

By inserting these terms in (5.29), we recover the gyrokinetic Noether momentum
equation (5.22).

We note that, while the gyrokinetic Noether momentum equation (5.22) is not a
gyrokinetic conservation law, it can be used directly to obtain a gyrokinetic momentum
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transport equation (e.g. in the parallel direction) by taking its projection in the desired
direction. For example, the gyrokinetic canonical parallel-momentum transport equation
is expressed as

9 g*}’H * P T P P
—2 4. (T3, - Bo) = Tg) : Vby — by - VB - B4

+ / ToFby- (SVA - X + VI - X = VKy), (531
P C

where Py, = ’sz - by and T*] denotes the transpose of the gyrokinetic stress tensor
(5.24). The gyrokinetic canonical parallel-momentum transport equation (5.31) can be
transformed into a simpler form as the p;-moment of the gyrokinetic Vlasov equation:

9 . ,
% (/ ngFp) + V. (/ ~7gyFXP||> :/ngFp”, (5.32)
P P P

where the gyrocentre parallel force p| is defined by (3.14). See Brizard & Tronko (2011)
for the explicit transformation from (5.31) to (5.32) for the case of the gyrokinetic
Vlasov—Poisson equations. We note that the parallel contraction of the gyrokinetic stress
tensor T - BO on the left-hand side of (5.31) contains the gyrokinetic Maxwell stress
tensor term —D, €E; /4w, which plays a central role in the electrostatic gyrokinetic
Vlasov—Poisson model of McDevitt et al. (2009) in discussing toroidal rotation driven
by the gyrocentre polarization Py,. In particular, McDevitt et al. (2009) show how
this polarization contribution can be retrieved from a perturbation expansion (up to
fourth order) of the right-hand side of (5.32) through a §F-decomposition of the
gyrocentre Vlasov distribution. Our gyrokinetic canonical parallel-momentum transport
equation (5.31), in contrast, explicitly exhibits the complete gyrocentre polarization and
magnetization effects in a full-F gyrokinetic Vlasov—Maxwell theory.

5.3. Gyrokinetic angular momentum conservation law

Assuming now that the equilibrium magnetic field B, is axisymmetric (i.e. dBy/d¢p =
z x By), we derive the gyrokinetic canonical angular momentum conservation law by
taking the scalar product of (5.22) with dx/d¢ (i.e. 5x = Spdx/d¢), where the toroidal
angle ¢ is associated with rotations about the z axis. Hence, the toroidal canonical
angular momentum density Py, = P, - 0x/0¢ satisfies the Noether canonical angular
momentum equation

%+V. T*.a_x :T*T:V a_x aBO B
ot 17 & R10) 8<p 4m

04y . Oy o 0K,
-2 (533
/ JuF (c X g e 6-33)

Under the assumption that the equilibrium magnetic field is axisymmetric, we have
0By/0¢ = 0 and we will use the identity dby/d¢ = 2z x by, so that B - 9B,/d¢p = €B, -
(z x By).

Instead of merely assuming that the right-hand side of (5.33) is zero, we now
systematically show how the various terms do cancel each other out to yield an exact
conservation law. Before we begin, however, we note that the first term vanishes identically
if the gyrokinetic stress tensor (5.24) is symmetric (i.e. T*T = Ty,), which is expected (and
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Gauge-free electromagnetic gyrokinetic equations 23

required) when there is no separation between dynamical fields and equilibrium fields, e.g.
in guiding-centre Vlasov—Maxwell theory (Brizard & Tronci 2016). In the present case,
however, the asymmetry of the gyrokinetic stress tensor (5.24) is necessary in order to
cancel the additional terms on the right-hand side of (5.33).

We now proceed with the proof that the right-hand side of (5.33) is zero for the
gauge-free model of Burby & Brizard (2019), where IT,, = 0, and present the results
for the gauge-free model of Brizard (2020). First, we note that since the dyadic tensor
V(@x/dp) = R(p (pR is antisymmetric (where R = |dx/d¢|), only the antisymmetric
part of T;yT contributes in the first term of (5.33):

0x R . e . €
T*T \Y/ <a(p) =2Z- [A%YF(XX ZAO) — H (]D)gy x E, + B, x Hgy)]

— 3. |:/jgyF<Xfo;§)+eE, x Py, + €B, ngy]
P C

- in - (€B x By), (5.34)

where we used the dyadic identities I : V(dx/d¢p) =V .- (0x/d¢p) =0 and VW :
V(3x/d¢) =z - (W x V), which holds for an arbitrary pair of vectors (¥, W). Next, the
last term is

s 5. |:€Mb0 X ((Big)) + M % (631 X ngy) + My X € (E1 +P\\bo X 31) ’
mc mc

(5.35)
where 1,y = m, + €7,. Lastly, we write d4;/0¢ = Z x A, and, after some cancellations,
(5.33) becomes

P . Ox R 'K,
% +V. (Tgy %) =2-¢€(E, x Py + B x M) — /PjgyF a:y, (5.36)

where

€ (Ey x Py + By x M) = /PjgyF% - € (El X Mgy — ((Big)) X 130>

/ JuF2 - |:B] x (ngy ”}L‘:’)] (5.37)

Upon further cancellations, (5.36) becomes

P
V. (r* ) /jgsz N, (5.38)

where the gyrocentre torque

P
mc

N =Pl 1By x (my x by) + o x (B x Bi) + by x (By x my) | =0 (5.39)
vanishes according to the Jacobi identity
Ux(VxW+VxWxU)+Wx(UxV)=0 (5.40)
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for the double vector product of any three arbitrary vector fields (U, V, W). For the
gauge-free model of Brizard (2020), the gyrocentre torque

3
N = Z[Ui XVix Wo+Vix (WixU)+W; x(U; xV)|=0 (5.41)
i=1

also vanishes as a result of the Jacobi vector identity (5.40), where
(UL Vi, W) = (€(Big), ey, prbo/me)
(U, Vo, W) = (631, —ems, p”i)o/mc), (5.42)

(Us. V3, W3) = (X €(Erge) + pybo/me X ¢(Bige). ebo/ )

5.4. Gyrokinetic angular momentum conservation in axisymmetric tokamak plasmas

Hence, we have explicitly proved that the gyrokinetic canonical angular momentum

conservation law

P 0

T Ly, (T* ._x) = (5.43)
at ©

follows exactly from the gyrokinetic Vlasiov—Maxwell equations. We now evaluate this
equation in axisymmetric tokamak geometry, in which the tokamak magnetic field is By =
Bo,(Y)Ve + Vo x Vi, where  denotes the magnetic poloidal flux and the toroidal
component By, (¥) is a flux function. In (5.43), the total toroidal angular momentum
density

0x Dyy 0x
gyw /jgy ( ecp + Mgy - 8<p> + m x €B - @ (5.44)
is the sum of three groups of terms.
The first group in (5.44) is defined as the gyrocentre moment of the guiding-centre
toroidal angular momentum:

LY . S boy — | 200 +V - (v 5.45
o = 0 50 T CWJFPM 0p [ 0 t .<2Bo 1#)] (5.45)
which contains higher-order guiding-centre corrections (Tronko & Brizard 2015). In a
careful numerical analysis of the exact particle orbits of energetic ions in a tokamak
magnetic field, Belova, Gorlenkov & Cheng (2003) have shown that the higher-order
guiding-centre corrections to the lowest-order guiding-centre toroidal angular momentum
Py, = —(e/O)¥ +pybo, + - - - play a crucial role in the guiding-centre toroidal angular
momentum law (i.e. in the absence of electromagnetic field perturbations). We note that it
is a common practice to extract the dominant guiding-centre contribution from —(e/c)y
using the identity

0 .
_8_ (/ ngFa/f) -V. </ \Z;yXFE‘/f> ‘/‘jgyF W = __nga (5.46)
t \Jp c P c

where the radial velocity V=X - Vi is expressed in terms of the gyrocentre velocity
X:

Cb;)’ aKgy B;y ) (547)

V=Vy- ( = T —
& % Bgyll dp, B

eyl
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Hence, we may now define Py, = PZC o T (e/c)yr, and thus (5.43) becomes

anyw Jx 1
SV Ty — )= -7, 5.48
ot + A1) (5:48)

where the toroidal angular momentum density (5.44) is now defined with P,,.

The second group in (5.44), which appears because of the symplectic momentum
perturbation IT,y, contains the toroidal components of the perturbed E x B velocity and
magnetic flutter momentum:

@ 20 By ap
= (B LN (Biye) | - V. (5.49)
B()QQ ¢ mc &

which can be expressed in terms of the radial component of the perturbed gyrocentre force,
where we used the tokamak identity

By x 9x/3¢ = V. (5.50)

The third group in (5.44) contains the toroidal component of the Minkowski
electromagnetic momentum (Abiteboul et al. 2011):

Dgy 9x 1 0x
—= B +«—=—|(¢E|, +4nP Bl —. 5.51
4mte i ap 4mte [(6 1tan gY) xe 1] ap ( )

The partial time derivative of this term can be directly obtained from the toroidal

component of (5.28). We note that, in the electrostatic limit (i.e. in the absence of magnetic

field perturbations), we recover the flux-averaged gyrokinetic toroidal angular momentum

density previously derived (without guiding-centre corrections, i.e. Py, = pjbo,) (Hahm

et al. 2007; Scott & Smirnov 2010; Abiteboul ef al. 2011; Brizard & Tronko 2011).
Finally, we proceed with a flux-surface average (Brizard & Tronko 2011):

1
I-1= v yg(. - )Ty A9 do, (5.52)

where V(¥) = § 7, d9 dg is the surface integral of the magnetic coordinate Jacobian
Jy = (Vi x VO - Vo)~! = 1/B;. The flux-surface average (5.52) satisfies the property

1 9
Iv-cl=3 P VIC - Vv (5.53)

for any vector field C. In a time-independent axisymmetric tokamak geometry, we note
that d/dt also commutes with magnetic surface averaging. The magnetic surface-averaged
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gyrokinetic canonical angular momentum conservation law (5.48) becomes

WPl | 19 i 1 L
ot + % 81# (V [[Tgyw]]) - c [Ijgy]]’ (554)

where T}, = Vi - T « 9x/d¢ is defined as

dx € 0x
gyw / ngFW (Pgw + M, - 8(p> - va . (]DgyEl +B1Hgy) . %’ (5.55)

where we have used Vi - dx/d¢ = 0 and Vs given in (5.47). We note that, using the
tokamak identity (5.50), the third term in (5.55), which contains the polarization term
derived by McDevitt ef al. (2009) in the parallel limit, can be expressed as

ox ox

3
W @'[m (ID)gyxBo)El] x (5.56)

W () o
and similarly for the fourth term. Similar terms have appeared in the toroidal angular
momentum transport analysis of Parra & Catto (2010b).

6. Summary

The energy—momentum and toroidal angular momentum conservation laws of two
gauge-free gyrokinetic Vlasov—Maxwell models were derived by the Noether method
under the assumption of a time-independent and axisymmetric equilibrium magnetic
field. The explicit proof of these conservation laws highlights the roles played by the
equilibrium magnetized plasma and the electromagnetic field fluctuations that perturb it.
In addition, we also demonstrated how the gyrokinetic Noether momentum equation (5.22)
follows exactly from the gyrokinetic Vlasov—Maxwell equations. Hence, a gyrokinetic
parallel-momentum transport equation can be derived explicitly without proceeding
through a gyrokinetic Vlasov moment approach.

The proofs presented in §5 also show how gyrokinetic models can be simplified
without jeopardizing the energy—momentum conservation laws. For example, Hirvijoki
et al. (2020) considered the simplified gyrocentre kinetic energy (3.4) for the Hamiltonian
gyrokinetic model (Burby & Brizard 2019) obtained by omitting the guiding-centre
electric dipole moment 7. This omission yields simplified expressions for the gyrocentre
polarization and magnetization (4.13) and (4.14), without sacrificing energy and angular
momentum conservation.

In the gauge-free symplectic gyrokinetic model considered by Brizard (2020),
it is possible to truncate the gyrocentre kinetic energy (3.6) at first order in e,
thereby eliminating the corrections m, and wB;/B, in the gyrocentre polarization
and magnetization (4.13) and (4.14), which arise from functional derivatives of the
second-order gyrocentre Hamiltonian.

Finally, we note that an exact toroidal angular momentum conservation for the
gyrokinetic Vlasov—Maxwell equations is obtained even though the gyrokinetic stress
tensor is manifestly asymmetric. In contrast to the guiding-centre Vlasov—Maxwell
equations, where the interplay between ponderomotive, polarization and magnetization
effects results in a symmetric guiding-centre stress tensor (as required because the
magnetic field is not split into background and perturbed components), the case of
the standard gyrokinetic splitting of the magnetic field into background and perturbed
components requires an asymmetric gyrokinetic stress tensor, as can be seen from (5.33).
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The recent work by Chen et al. (2020) and Sugama et al. (2021) may pave the way to a
nonlinear gyrokinetic theory with full electromagnetic effects without field splitting, from
which a symmetric stress tensor will arise (but only a careful analysis of ponderomotive,
polarization and magnetization effects is carried out).
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